Abstract-In sphere decoding the choice of sphere radius is crucial to excellent performance. In Chan-Lee sphere decodingbased algorithm, the problem of choosing initial radius has been solved by making the radius sufficiently large, thus increasing the size of the search region. In this paper we present maximum likelihood decoding using simplified sphere decoder as apposed to the original sphere decoder for the detection of cubic structure quadrature amplitude modulation symbols. This simple algorithm based on Chan-Lee sphere decoder allows the search for closest lattice point in a reduced complexity manner compared to original sphere decoder for multiple input multiple output system with perfect channel state information at the receiver. Results show symbol error rate has stabilized even at very low initial value of the square radius.
INTRODUCTION
Demand for higher data rate and better performance in terms of capacity and services in wireless multimedia communications led to the introduction of multiple input multiple output (MIMO) system. With MIMO system original data stream can be divided into a number of substreams which are transmitted on individual antennas [1] , [2] . However, the detection of the symbols become cumbersome as the number of transmit antennas increased. A few method has been used to decode the received symbols such as a nulling and canceling steps as in V-BLAST [2] , sphere decoder based on ViterboBoutros scheme [3] , [4] , and other algorithms for closest point search [5] - [7] . The choice of method for solving the closest point problem depends on the structure of the lattice.
In this paper we present a simplified sphere decoder mainly for cubic structure of quadrature amplitude modulation (QAM) based on Chan-Lee [4] method with perfect channel state information at the receiver. Perfect channel knowledge at the receiver can be achieved either by a dedicated feedback channel or channel reciprocity such as in Time Division Duplex (TDD) system.
In [4] the closest point is found after searching for all possible lattice points for a certain QAM constellation. However, since our structure of the lattice is cubic, we realized that it is not necessary to compare distance for all possible points after sorting the required metric. In our proposed scheme we stop searching through the codebook after sorting the points and accept the closest point from the sorted list once it is determined that it is a valid lattice point in the codebook. In this manner, our simplified scheme, not only able to reduce the complexity of decoding but also able to decode in a shorter time.
Our paper is organized as follows. In Section II, we briefly explain the representation of lattice in MIMO system, Section III gives a brief overview of previous decoding methods, while Section IV explains our proposed algorithm. We show some results in Section V and conclude in Section VI.
II. PRELIMINARIES
Throughout the paper, we will adopt the following notational conventional in all our mathematical expressions. We will denote matrix vectors by bold upper case letters (A), column or row vectors as bold lower case letters (a)., while element of a matrix as italic lower case letters (a). Superscript T , and -1 are use to denote transpose and inverse of a matrix, respectively.
In a MIMO transmission, input and output relation describing such channels can be written as follows:
where
denote the complex channel input, output and noise signals,
is a complex matrix representing the channel, whose elements ' ij h represent the ith transmit antenna to the jth received antenna. Noise components w′ , are independent and identically distributed zero-mean Gaussian random variables with common variance, N o . In this treatise we assume that channel between each transmit and receive antenna is flat and quasi-static such as that found in orthogonal frequency division multiplexing (OFDM) system.
In order to facilitate the decoding algorithm we first transform the complex matrix equation into real matrix equation [4] , w Hs r + = where,
With this transformation the rank of matrix H is almost always 2N t . The 2N t columns of H can be thought of as 'basis vectors {h i } of a lattice lying in a 2N r -dimensional space' [4] , while vector s acts as the coordinates of a lattice point.
III. LATTICE POINT SEARCH ALGORITHM
A number of closest points search algorithms has been proposed in the literature and proved to have achieved maximum likelihood (ML) solution (e.g. [3] and [4] ). The problem to solve in ML decoding requires the minimization of the following metric:
over all valid s (i.e. all valid points of the lattice). ViterboBoutros [3] (VB) sphere decoding algorithm attempts to solve the same metric by searching through the points of the lattice, S which are found inside a sphere of radius C centered at received point r, as shown in Figure 1 . The search is restricted further by reducing the radius of the sphere each time a valid lattice point is found so that the newly found lattice point lies on the surface of the sphere. Judicious choice of initial C is essential to ensure that radius equal to the covering radius of the lattice, which is dependent on the noise variance, N o . The detail derivation of the algorithm is explained in [3] . A reduced-complexity sphere decoder proposed by [4] , which we will termed as Chan-Lee (CL) sphere decoder, on the other hand associates the search from the center of the sphere rather than from the surface of the sphere. Similar to VB decoder the search is restricted further by reducing the radius of the sphere to be equal to the distance of the newly discovered lattice point from the sphere center once a valid lattice point is found.
The flowchart of CL sphere decoding algorithm is shown in Figure 2 . The function " " outputs {q ij } such that q ii = The QR decomposition can be easily computed using MATLAB built-in function.
In order to help reader understand how the algorithm operates, we will walk through the algorithm by repeating the explanation given by [3] and [4] 
IV. PROPOSED SIMPLIFIED SPHERE DECODER
Our simplified sphere decoder enumerates z i as a result of sorting metric (7) . After running through the algorithm of Chan-Lee we realized that shrinking the sphere radius and recomputing the lower and upper bound is unnecessary since metric (7) has already been computed according to the required metric (6) . However, our solution is only applicable to QAM with cubic structure. In our algorithm we skip all other steps once sorting is done and we choose the closest point to be our ML solution. This method avoids computing the other unnecessary steps that would burden the system with improved performance, which we shall see in the next section.
Our simplified algorithm can be summarized as follows:
Simplified Sphere Decoding Algorithm
Step 1 -Input r, C, H, and S.
Step 2 Step 5 -Evaluate the followings:
S);
as per equation (7) Step 6 -Output s i = z i (1)
Step 7 -Next i V. SIMULATION RESULTS Table 1 shows parameter setup for our simulation. We vary the constellation from 4-QAM to 128-QAM and plot the symbol error rate (SER) versus signal to noise ratio (SNR) of each constellation as shown in Figure 3 . In order to show the improvement of our algorithm compared to CL algorithm, we plot SER versus C (the radius squared of the circle/sphere) for 64-QAM constellation as shown in Figure 4 . Our algorithm shows significant improvement in achieving a better symbol error rate. Note that when C equals 3, CL and VB algorithm produces an average SER of about 0.2, while our algorithm gives an average SER of 0.018, which is more than a decade improvement. Note also that C is somewhat independent of SER such that choosing C = 3 and C = 50 produces almost the same SER. Unlike our algorithm, the other sphere decoding algorithms will only produce stable SER at large C. However large C will increase the number of operations.
VI. CONCLUSION
We have developed a simplified sphere decoding algorithm which spawn from Chan-Lee algorithm. Our simulated results for P = Q = 4 show significant improvements in terms of SER for any value of C. Research is on going to utilize the decoding method in our Space-TimeFrequency OFDM under MIMO channels. 
